were determined via clonogenicity and 3- (4,5-dimethylthiazol-2-yl Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the third leading cause of cancerrelated death in both men and women (1). According to the estimates of the Global Cancer Control (GLOBOCAN) project, nearly 1.4 million people worldwide were diagnosed with CRC in 2012, with the Republic of Korea displaying the highest incidence rates, followed by Slovakia and Hungary (2).
associated with epithelial-mesenchymal transition (EMT) (10) . FAK inhibitors have been shown to reduce tumor metastasis and possess initial clinical activity in patients while having limited adverse effects (11) .
Calpains are proteins belonging to the family of calciumdependent proteolytic enzymes. They are expressed in almost all eukaryotes and some bacteria, but not in archaeobacteria (12) . Calpains can destroy constituents of focal contacts such as FAK, i.e. FAK is subject to calpain-mediated proteolysis (11, 13) . Due to the role of FAK in EMT, calpain-dependent proteolysis of FAK may have the potential to suppress cancer cell motility (13) .
Calcium lactate (CaLa) is a crystalline salt formed by the reaction between lactic acid and calcium carbonate. CaLa is most commonly used for calcium supplementation in medicine to treat calcium deficiencies such as hypocalcaemia syndromes (14) . The neutral chemical structure of CaLa gives it the remarkable property of being able to easily diffuse into cells without the need for a specific ion channel. It has been reported that CaLa treatment leads to a significant uptake of calcium by CRC cells (15) .
In the present study, we used CRC cells to investigate the possibility of enhancing the intrinsic mechanism of 5-FU action, thus reducing the required dose of the agent, by longterm calcium supplementation. We focused on the ability of calcium to mediate FAK proteolysis, resulting in lower expression of EMT markers.
Materials and Methods
Cell culture and reagents. Human CRC cell lines (HCT-116 and HT-29) were purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in RPMI-1640 medium (Welgene, Daegu, South Korea) supplemented with 10% fetal bovine serum (Welgene), 100 IU/ml penicillin, and 100 μg/ml streptomycin (Welgene) in a humidified atmosphere of 5% CO 2 , at 37˚C. 5-FU, CaLa, calpeptin (calpain inhibitor), and Z-Leu-Leu-Leu-al (MG132; proteasome inhibitor) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary and secondary anti-rabbit antibodies for western blot analysis were purchased from Cell Signaling Technology (Danvers, MA, USA). The primary antibodies recognized the following proteins: FAK, SRC proto-oncogene, non-receptor tyrosine kinase (SRC), AKT serine/threonine kinase 1 (AKT), nuclear factor kappa B (NF-ĸB), snail family transcriptional repressor 1 (SNAI1), vimentin, lamin B, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Colony formation assay. HCT-116 and HT-29 cells were seeded at a density of 2.5×10 2 cells/well in a normal 6-well plate. After 24 h, cells were treated with different concentrations of CaLa (0.5, 1, and 2.5 mM), 5-FU (1, 2.5, and 5 μM), or a combination of the two. After 14 days, the colonies were fixed with methanol and stained using hematoxylin (Thermo Fisher Scientific, Waltham, MA , USA). The number of grown colony was counted under an optical microscope (Olympus, Center Valley, PA, USA).
Anoikis analysis. HCT-116 and HT-29 cells were seeded at a density of 1.0×10 6 cells/well in Ultra-Low attachment 24-well plates (Costar, Corning, NY, USA). After 24 h, cells were treated with different concentrations of CaLa (0.5, 1, and 2.5 mM), 5-FU (1, 2.5, and 5 μM), or a combination of the two, for another 12 h and 24 h. Cells were harvested, and a volume of cell suspension was mixed with an equal volume of a 0.4% Trypan blue solution (Thermo Fisher Scientific). The number of stained cell was counted using a hemocytometer (Marienfeld, Lauda-Königshofen, Germany).
Re-attachment assay. HCT-116 and HT-29 cells were seeded at a density of 1.0×10 6 cells/well in Ultra-Low attachment 24-well plates (Costar) and treated with different concentrations of CaLa (0.5, 1, and 2.5 mM), 5-FU (1, 2.5, and 5 μM), or a combination of the two, for 24 h. The cells were harvested and re-seeded in normal 6-well plates. The rate of cell death was determined using a Cell Counting Kit-8 (Enzo Life Sciences, Farmingdale, NY, USA). A volume (10 μl) of the Cell Counting Kit-8 solution was added to each well. After a 1-h incubation, the absorbance was measured using an Epoch Micro-Volume Spectrophotometer (Bio Tek, Winooski, VT, USA) at an absorbance wavelength of 450 nm.
Fluorescence-activated cell sorting (FACS) analysis.
HCT-116 and HT-29 cells were seeded at a density of 1.0×10 6 cells/well in UltraLow attachment 24-well plates (Costar) and treated with different concentrations of CaLa, 5-FU, or a combination of the two. The cells were incubated at 37˚C in a 5% CO 2 /95% air atmosphere for 12 hours. After treatment, cells were washed with cold phosphatebuffered saline (PBS) and resuspended in binding buffer (BD Biosciences, Great Lakes, NJ, USA) at a density of 1.0×10 6 cells/ml. A volume (5 μl) of a fluorochrome-conjugated annexin V solution was added to 100 μl of the cell suspension and gently mixed. Cells were then incubated in the dark for 15 min at room temperature, washed with 2 ml binding buffer, and resuspended in 200 μl of binding buffer. Finally, 5 μl of propidium iodide solution was added. Annexin V/propidium iodide were measured using a BD FACSCalibur flow cytometer (BD Biosciences). Apoptotic rates were evaluated using the BD FACSComp software (BD Biosciences).
Protein extraction. HCT-116 and HT-29 cells were seeded at a density of 1.0×10 6 cells/well in Ultra-Low attachment 24-well plates (Costar) and treated with different concentrations of CaLa (0.5, 1, and 2.5 mM), 5-FU (1, 2.5, and 5 μM), or a combination of the two, for 12 h and 24 h. Cells were harvested and washed once with ice-cold PBS. To extract the total cell lysate, washed cells were lysed by RIPA lysis buffer (Roche, Basel, Switzerland) and centrifuged at 10,000 × g for 10 min at 4˚C. The supernatant was used for protein analysis. To extract the nuclear fraction, washed cells were resuspended in 100 μl of a lysis buffer containing 20 mM Tris-HCl (pH 7.6), 1 mM EDTA, 140 mM NaCl, 1% NP-40, 1% aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 1 mM sodium vanadate. After a 30-min incubation on ice, the lysates were centrifuged at 12,000 × g for 20 min at 4˚C. The pellet was washed with ice-cold PBS and resuspended in cell extraction buffer (Thermo Fisher Scientific).
Western blot analysis. Whole-cell or nuclear lysates were transferred onto polyvinylidene fluoride membranes (Merck Millipore, Billerica, MA, USA). After blocking in 5% non-fat milk (Bio-Rad, Hercules, CA, USA) for 1 h, membranes were incubated overnight at 4˚C with primary antibody diluted in tris-buffered saline and Tween 20 (TBST) containing 100 mM Tris-HCl (pH 7.5), 1.5 M NaCl, and 0.5% Tween-20 obtained from Sigma-Aldrich, to which 5% bovine serum albumin (BSA) and 0.1% sodium azide (SigmaAldrich) had been added. The specific dilutions for each antibody were as follows: FAK: 1:1,000; p-FAK: 1:1,000; SRC: 1:1,000; p-SRC: 1:1,000; AKT: 1:1,000; NF-ĸB: 1:1,000; vimentin: 1:1,000; SNAI1: 1:1,000; lamin B: 1:1,000; and GAPDH: 1:5,000. On the next day, membranes were washed with TBST and incubated for 2 h with anti-rabbit secondary antibody (1:5,000). Immunoblots were developed using a western blot detection reagent (Abclone, Seoul, Korea) and exposed to x-ray film (Agfa, Leverkusen, Germany) to perform qualitative assay.
Trans-well invasion assay. The assay was performed using a 6.5 mm trans-well insert with an 8.0-μm pore-size polycarbonate membrane filter (Costar). The insert was placed in 24-well plates, with each well containing 1 ml serum-free RPMI-1640 medium. HCT-116 and HT-29 cells were seeded at a density of 3.5×10 5 cells/insert onto the upper side of the inserts. Then, the cells were treated with 2.5 μM 5-FU, 2.5 mM CaLa, or a combination of two and incubated at 37˚C for 18 h. After incubation, the insert was carefully washed with sterile water, and then transferred to 100% methanol to fix the cells. After fixation, the membrane filter was stained with hematoxylin and eosin. Images depicting cell invasion were taken under an optical microscope (Olympus) equipped with a digital camera (Nikon, Tokyo, Japan).
Wound-healing assay. Two chambers separated by a 500 μm-thick wall were used for wound-healing assays (Ibidi, München, Germany). HCT-116 or HT-29 cells (100 μl containing 5×10 5 cells) were seeded into each of the two chambers and incubated for 24 h. After incubation, the wall was gently removed creating a ~500 μm-long area without cells. After replacing the medium with a fresh one containing CaLa, 5-FU, or a combination of the two, the cells were allowed to migrate into the bare area for 6 h. Consecutive images of migrating cells were taken by a JuLi Br Live cell analyzer (NanoEnTek, Seoul, South Korea).
Statistical analysis. Data are presented as means±standard deviation (SD). Statistical significance was analyzed using the Student's t-test or one-way ANOVA, depending on the normality of the data distribution. A value of p<0.05 was deemed statistically significant. All statistical analyses were performed using Sigma Stat v3.5 (Systat Software, San Jose, CA, USA).
Results

5-FU inhibits anchorage-dependent CRC cell proliferation.
To measure the clonogenicity of CRC cells, colonies of HCT-116 or HT-29 cells were counted after treatment with different doses of 5-FU. Representative images of cultures are displayed in Figure 1A and C. Images of single colonies were magnified to study the morphological features ( Figure  1A Figure 1B and D, the number of colonies of both cell lines was also significantly reduced in a dose-dependent manner and as mentioned, no colonies were formed by HT-29 cells when treated with 5 μM 5-FU.
5-FU does not induce anchorage-independent death of CRC cells.
We assessed the effects of different doses of 5-FU on the viability of CRC cells cultured on low-attachment plates (Figure 2) . A significant change in viability was only observed after 24 h treatment with 5 μM 5-FU. Under this condition, the cell viability of HCT-116 and HT-29 cells relative to controls decreased (Figure 2A and D) . 5-FUtreated CRC cells were still alive at the time of re-seeding on a normal culture plate. As seen in Figure 2B and E, a significant (p<0.05) increase in death rate was only observed in HT-29 cells treated with 5 μM 5-FU, which displayed a death rate 5.72% higher than the rate of the control group. Nonetheless, no group (including the 5 μM 5-FU-treated HT-29 cells) displayed significant differences in the late apoptosis analysis ( Figure 2C and F). Figure 3A and C display representative images of HCT-116 and HT-29 colonies following treatment with different CaLa concentrations. These images suggest that CaLa causes a dose-dependent reduction in colony number. In HCT-116 cells, a significant decrease in the number of colonies was only observed in cultures treated with 2.5 mM CaLa (p<0.05). In the case of HT-29 cells, the number of colonies was significantly decreased with 0.5 mM CaLa, and 1 mM CaLa (p<0.001). HT-29 colonies of any form were not observed in the 2.5-mM CaLa-treated group (Figure 3C and D) . Changes in death rates are displayed in Figure 4B and E. In HCT-116 cells, treatment with 1.0 and 2.5 mM CaLa significantly increased the death rate relative to controls (p<0.001). In the case of HT29 cells, the death rate significantly increased after treatment with 1 and 2.5 mM CaLa. As seen in Figure 4C and F, treatment of cells with 2.5 mM CaLa also augmented late apoptosis HCT-116 and HT-29 cells (p<0.001).
Calcium supplement inhibits anchorage-dependent CRC cell proliferation.
Calcium-mediated FAK degradation inhibits the expression of EMT markers.
To determine the mechanism underlying the antitumor effect of sustained calcium supplementation, FAK signaling cascade and EMT nuclear markers were examined by western blot analysis. The results showed no statistically significant differences in the expression of FAK signaling molecules nor of EMT markers between the control and the 5-FU-treated groups, even though 5-FU treatment did cause a slight increase in FAK and NF-ĸB expression ( Figure 5A and B) . In contrast, CaLa treatment clearly reduced the levels of FAK signaling molecules, including SRC and AKT. Moreover, CaLa dose-dependently reduced the levels of EMT markers that are dependent on FAK signaling ( Figure 5C and D) . Lamin B was used as a loading control for the nuclear fraction ( Figure 5B and D) .
In order to examine whether the effects of CaLa were a result of calpain-mediated proteasomal degradation of FAK, CaLa was administered alone or together with calpeptin. The presence of either inhibitor led to recovery of FAK levels ( Figure 5E and F) . 
Measurement of clonogenicity using colorectal cancer (CRC) cells cultured on normal plates to confirm the inhibition of anchoragedependent cell proliferation by 5-fluorouracil (5-FU). Representative images (A, C) and quantitative analysis (B, D) of HoCT-116 (A, B) and HT-29 (C, D) colonies after treatment with different doses of 5-FU. All experiments were carried out in five replications
Figure 2. Measurement of anoikis using colorectal cancer (CRC) cells cultured on low-attachment plates to confirm the effect of 5-fluorouracil (5-FU) on anchorage-independent cell death. Trypan blue exclusion assay for HCT-116 (A) and HT-29 cell (D) cell counting after treatment with different doses of 5-FU. Rates of cell death after re-seeding the unanchored HCT-116 (B) and HT-29 (E) cells on normal plates. Quantitative analysis of late apoptosis via fluorescence-activated cell sorting after annexin V staining of HCT-116 (C) and HT-29 (F) cells. All experiments were carried out in five replications per group. Results are means±SD. *p<0.05 vs. Control. N.S: Not significant difference between groups.
( Figures 6E-H and 7A-D) . As seen in Figure 6E and G, the combined treatment had a clearly more severe effect on cell viability compared to treatment with only one of the two chemicals (p<0.001) ( Figure 6F and H) . Evaluation of cell death after re-seeding on normal culture plates showed that the cell death ratios of HCT-116 and HT-29 cells after cotreatment were also significantly higher (p<0.001) than the rates of the controls and single treatments ( Figure 7A and C) . Late apoptosis was also enhanced by co-treatment as shown in Figure 7B and D (p<0.001) compared to controls, cells treated with 2.5 mM CaLa (about 20% lower than the rates of the co-treated cells in both cell types), and cells treated with 2.5 μM 5-FU (rates similar to controls in both cell types). Moreover, western blot analysis demonstrated that cotreatment caused a clear decrease in the levels of FAK signaling molecules, including SRC and AKT ( Figure 7E ), while there was also a significant decrease in the expression of NF-ĸB, SNAI1, and vimentin, which are well known markers of cancer invasion and metastasis ( Figure 7E and F) .
The combination of 5-FU and CaLa exerts an enhanced antimetastatic effect on CRC cells.
In order to confirm the enhanced anti-metastatic effect of the co-treatment, we assessed the invasiveness and motility of HCT-116 and HT-29 cells (Figure 8) . The representative images shown in Figure 8A and C demonstrate a clear decrease in invasiveness after treatment with 2.5 mM CaLa or with the combination of 2.5 mM CaLa and 2.5 μM 5-FU. After 18 h of combination treatment, the invasion rate significantly decreased by half or more (p<0.001). Treatment with 2.5 μM Figure 3 . 5-FU only slightly reduced the invasion rate of HCT-116 cells (p<0.05) ( Figure 8B ).
Measurement of the clonogenicity of colorectal cancer (CRC) cells grown on normal plates to confirm the inhibitory effect of calcium supplementation on anchorage-dependent cell proliferation. Representative images (A, C) and quantitative analysis (B, D) of HCT-116 (A, B) and HT-29 (C, D) colonies after treatment with different doses of lactate calcium salt (CaLa
. Measurement of anoikis using colorectal cancer (CRC) cells cultured on low-attachment plates to confirm the association of anchorageindependent cell death with calcium supplementation. Trypan blue exclusion assay for HCT-116 (A) and HT-29 (D) cell counting after treatment with different doses of lactate calcium salt (CaLa). Rates of cell death after re-seeding the unanchored HCT-116 (B) and HT-29 (E) cells on normal plates. Quantitative analysis of late apoptosis via fluorescence-activated cell sorting after annexin V staining of HCT-116 (C) and HT-29 (F) cells
We also assessed the mobility of CRC cells through wound-healing assays. In line with the previous results, 5-FU failed to inhibit cell motility in the metastatic environment. Inhibition of cell motility was however confirmed for consistent calcium supplementation via CaLa, and the best effect in inhibiting cell motility was through the combination treatment ( Figure 8E ).
Discussion
In this study, we investigated the enhanced anti-metastatic effect of 5-FU on CRC cells combined with continuous calcium supplementation. The results demonstrated that calcium-mediated FAK proteolysis is involved in inhibition of EMT signaling, leading to a significant suppression of CRC cell invasion and motility. 5-FU is an anti-metabolite that was developed as a potential antitumor drug (16) . In cancer cells, 5-FU blocks access of deoxyuridine monophosphate to the nucleotidebinding site of thymidylate synthetase, inhibiting the synthesis of deoxythymidine monophosphate. This results in deoxynucleotide pool imbalances and an increased level of deoxyuridine triphosphate, both of which are factors leading to DNA damage (4). Whereas 5-FU was able to exert its antitumor effect on anchored CRC cells, unanchored CRC cells tended to be resistant to 5-FU. Moreover, 5-FU failed to suppress the viability of CRC cells expressing EMT markers. This should come as no surprise; cultured cancer cells expressing such markers emulate in vivo EMT, and resistance to chemotherapeutic agents is an EMT-like characteristic (17) .
However, a high dose of 5-FU (5 μM) managed to increase cell death by anoikis. This can be attributed to a number of unanchored CRC cells still exhibiting features of anchorage-ANTICANCER RESEARCH 37: 103-114 (2017) 110 Figure dependent cells. The FACS analysis revealed that none of the selected concentrations of 5-FU had a significant effect on anoikis-induced late apoptosis, compared to untreated controls. Taking these results into account, we decided to use a 5-FU concentration of 2.5 μM, i.e. half of the maximum tested dose, in the experiments investigating the suppressive effect of 5-FU combined with calcium supplementation. The fact that calcium supplementation managed to enhance the antitumor effect of 5-FU indicates that the combined treatment may represent a means of allowing the required therapeutic doses of 5-FU to be reduced (18) .
Comparison of the expression levels of focal adhesion kinase (FAK) signaling cascade elements using colorectal cancer (CRC) cells cultured on low-attachment plates to confirm the mechanism of anchorage-independent cell death. Cytosolic expression of FAK signaling molecules after treatment with different concentrations of 5-FU (A), and with lactate calcium salt (CaLa) (C). Nuclear expression of nuclear factor-kappa B (NF-ĸB)-dependent epithelial-mesenchymal transition markers after treatment with different concentrations of 5-FU (B) or CaLa (D). E: Verification that the effect of calcium on FAK expression is mediated by calpain using calpeptin, a potent calpain inhibitor. F: Verification that calcium supplementation causes proteasomal degradation of FAK using Z-Leu-Leu-Leu-al (MG132), a potent proteasome inhibitor.
Figure 6. The effect of combination treatment on anchored and unanchored colorectal cancer (CRC) cell viability. Representative images (A, C) and quantitative analysis (B, D) of HCT-116 (A, B) and HT-29 (C, D) colonies after single and combination treatment of 2.5 μM 5-flourouracil (5-FU) and 2.5 mM lactate calcium salt (CaLa). Representative images (E, G) and quantitative analysis (F, H) of HCT-116 (E, F) and HT-29 (G, H) cells cultured on low-attachment plates
The FAK signal cascade has been associated with cancer cell progression (11) . FAK is involved in SRC-mediated phosphorylation, which is necessary for activation of proliferation signals, such as RAS (19) . As a result, FAK regulates many growth factor signaling pathways that are important for the survival of human cancer cells (19) . Additionally, complexes of FAK with SRC and phosphatidylinositol 3-kinase (PI3K) are well known differential regulators of cell migration (20 roles in cancer cell invasion and migration (21) . PI3K and AKT, which are parts of the FAK signaling cascade, activate the expression of NF-ĸB, which constitutes a step of the metastatic process. NF-ĸB is translocated to the nucleus and up-regulates the expression of EMT markers, such as vimentin and SNAI1 (19, 20) .
The present study demonstrated that calcium influx causes a calpain-mediated increase in FAK proteolysis, which is accompanied by a reduction in the levels of proteins participating in the FAK signaling cascade and EMT markers. Treatment with the specific proteasome inhibitor, MG132, or the calpain inhibitor, calpeptin, resulted in the recovery of FAK expression, confirming that the decrease in FAK level was indeed a result of calpain-mediated proteasomal degradation. The methods utilized for verifying the effects of calcium supplementation on protein degradation were devised according to previously published theories (22, 23) . Our results demonstrate that treatment with a combination of calcium supplementation and 5-FU exerts an enhanced antitumor effect; calcium supplementation suppressed the metastatic and EMT features of CRC cells via FAK degradation, significantly increasing the effectiveness of 5-FU against anchorage-independent CRC cells.
In this study, CaLa was used as a source of calcium supply. However, as the intracellular calcium concentration quickly (480 sec) plateaued, CaLa was continuously administered during the course of each experiment. Despite the existence of numerous reports on the subject, controversy still exists regarding the effectiveness of calcium supplementation in CRC prevention (24) . Thus, further research work including cells derived from a variety of patients with CRC is required to confirm the antitumor effect of calcium supplementation.
In conclusion, FAK proteolysis induced by the continuous supply of calcium was able to significantly reduce expression of EMT markers and inhibit the metastatic features of CRC cells. We also confirmed that the combination of 5-FU and calcium supplementation can significantly enhance the antimetastatic effect of 5-FU on CRC cells, even when a lower dose of 5-FU is used. Inducing an immediate increase in anti-metastatic effect through simple calcium intake may be difficult in a clinical setting. However, if a steady supply is Park et al: Calcium-mediated Anti-metastatic Effect of 5-FU on CRC Cells 113 Figure 8 . provided through an appropriate method, calcium may be able to increase the effectiveness of existing antitumor agents, such as 5-FU.
Confirmation of the enhanced anti-metastatic effect of the combination treatment on colorectal cancer (CRC) cells. Representative images (A, C) and quantitative analysis (B, D) demonstrating the suppression of HCT-116 (A, B) and HT-29 (C, D) invasiveness by treatment with 2.5 μM 5-flourouracil (5-FU) and 2.5 mM lactate calcium salt (CaLa). E: Chronological images for HCT-116 migration in wound-healing assay following single and combination treatment. Experiments were carried out in five replications per group (except in E
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